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Summary
Objective: The genetic and molecular changes leading to the distinctive alterations of aged cartilage and its propensity for developing oste-
oarthritis (OA) are unknown. We hypothesized that pro-apoptotic and matrix-degradative gene expression in a rabbit model of induced OA
using mature and aged animals might elucidate this relationship.
Methods: Groups of six mature and aged rabbits underwent anterior cruciate ligament transection (ACLT) and were sacriﬁced 4 weeks after
surgery to create an Outerbridge grade II OA. RNA was extracted from the articular cartilage and menisci of the affected knee and was ex-
amined with regard to expression of the following genes: Caspase 8, Fas, Fas ligand (Fas-L), p53, aggrecanase, matrix metalloproteinase
(MMP)-1, and MMP-3eMMP-13. A second cohort of mature and aged animals was sacriﬁced with no intervention to the joint and gene ex-
pression was assessed in a similar manner.
Results: Fas and Caspase 8 showed signiﬁcantly increased expression in the cartilage of mature animals with induced OA when compared to
unoperated controls while induction of OA in aged rabbits did not signiﬁcantly increase expression of any of the apoptosis genes. Among un-
operated animals, the aged cohort showed signiﬁcantly increased expression of MMP-1 and aggrecanase in cartilage when compared to ma-
ture animals. MMP-13 expression was upregulated in aged cartilage following induction of OA. Although ACLT animals showed gross thinning
and irregularities within the meniscus, only the expression of Caspase 8 in the aged rabbits was signiﬁcantly increased after induction of OA.
Conclusions: Aging of articular cartilage shares some qualities with the development of OA, as seen in the parallel increases in gene expres-
sion of Caspase 8 and Fas. Although this may imply a common mechanism of cartilage degeneration in aging and OA or even a spectrum of
disease, both are complex processes requiring further study.
ª 2005 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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SocietyIntroduction
The interplay of aging and osteoarthritis (OA) is a complex
interaction with important clinical implications. Age is
a strong and consistent epidemiological feature of OA; how-
ever, the relationship between OA and aging remains largely
unexplained. Speciﬁcally, patterns of gene expression and
the individual mediators linking age to this debilitating dis-
ease have yet to be determined.
In the development of OA, two major modes of cartilage
damage have been proposed: loss of chondrocytes and
loss of extracellular matrix (ECM). Loss of chondrocytes
could lead to decreased production and maintenance of
ECM and eventual cartilage degradation. Alternatively,
loss of matrix could lead to alterations in the homeostasis
of chondrocytes, increased susceptibility to proteolytic en-
zymes, and a similar result, degraded or osteoarthritic car-
tilage. In situ TUNEL and electron microscopy studies
have shown increased chondrocyte apoptosis in OA com-
pared with normal articular cartilage and such apoptosis
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2005.47has been shown to correlate with the severity of destruction
in human cartilage1,2. A relationship between chondrocyte
apoptosis and matrix degradation has also been demon-
strated by the observation that loss of ECM can induce
chondrocyte apoptosis and a corresponding increase in se-
verity of OA3. Molecular studies on the development of OA
have shown that several pro-osteoarthritic genes may also
induce apoptosis. For example, expression levels of both
Fas and Fas ligand (Fas-L) have been found to be elevated
in synovial ﬂuid from patients with OA, and Fas expression
was elevated in OA cartilage4,5. Similarly, expression of
several caspases, the proteolytic effector enzymes of apo-
ptosis, has been shown to be increased in osteoarthritic car-
tilage6,7. Another molecule, p53, is a key apoptosis-related
mediator which has also been associated with chondrocyte
apoptosis and cartilage degradation8.
Several matrix-associated genes, speciﬁcally the matrix
metalloproteinases (MMPs) and ADAMTS4 aggrecanase,
may also be associated with aging and the development of
OA. MMPs are a family of proteolytic enzymes including
MMP-1, MMP-9, and MMP-13, which cleave collagens, and
MMP-3, which cleaves proteoglycans. Activation of these en-
zymes leads to destruction of ECM containing collagen and
proteoglycan and the subsequent development of the ﬁssures
and ﬁbrillations associated with OA9e11. Aggrecanase
cleaves aggrecan, a key structural component of articular car-
tilagematrix and has been shown to be associated with OA12.1
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to normal aged cartilage, expression of MMP-1 and aggre-
canase was signiﬁcantly greater in aged cartilage than in
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OA have been identiﬁed, mediators of age-related changes
in articular cartilage have been less well characterized. Re-
cently, our laboratory examinedmRNA expression of several
important apoptosis-related mediators in non-osteoarthritic
mature and aged rabbit articular cartilage13. In that study
we found signiﬁcantly increased expression of Caspase 8,
Fas, Fas-L, and p53 in the aged cartilage. These results sug-
gested a possible shared pathway in the development of OA
and in age-related changes in articular cartilage or at the
least, a role for apoptosis in both processes.
The role of the meniscus in aging and the development of
OA is similarly yet to be elucidated. What is known is largely
based on clinical studies and animal models in which sub-
jects develop OA after sustaining a traumatic injury to the
meniscus. To date, however, no study has examined the
molecular changes in the meniscus with age and the role
of these alterations in the development of OA. In addition
to the mechanical effect of meniscal injury, we believe a po-
tential mechanism by which the meniscus could contribute
to the development of OA is through the expression and se-
cretion of MMPs into the synovial ﬂuid leading to the even-
tual degradation of cartilage.
To further elucidate molecular alterations which might be
common to aging and developing OA, we sought in the cur-
rent study to examine changes in gene expression which
differentiate aged from mature rabbit articular cartilage
and meniscus in a rabbit model of induced OA (anterior
cruciate ligament transection (ACLT)). Speciﬁcally, we
determined and compared mRNA expression of the pro-
apoptotic genes Fas, Fas-L, Caspase 8, and p53 in mature
and aged articular cartilage and meniscus from grade II (OA
induced by ACLT) and grade I (normal unoperated) rabbit
knee joints. In addition, we examined expression of the
ECM-degrading enzymes MMP-1, MMP-3, MMP-13 and
aggrecanase in cartilage and meniscus from normal mature
and aged joints, and mature and aged OA joints.
Methods and materials
ACLT AND ANIMAL CARE
New Zealand White rabbits of two ages were used for this
study: mature, deﬁned as 10e18 months of age with closed
epiphyses, and aged, deﬁned as older than 4 years. Approv-
al was obtained from our Institutional Animal Care and Use
Committee prior to performing the study. For the ACLT, ani-
mals were ﬁrst appropriately sedated and anesthetized. The
left knee was then shaved, prepped, and draped in sterile
fashion. A 3 cm medial parapatellar incision was made and
soft tissues carefully dissected until the joint capsule could
be opened. The patella was then dislocated and the anterior
cruciate ligament (ACL) isolated. The ACL was then sharply
divided, and ACLT was conﬁrmed both visually and with
Lachman testing by the surgeon and an observer. The
wounds were then closed and antiseptically treated. Rabbits
were given appropriate postoperative care and analgesia. All
animals were allowed normal cage activity and sacriﬁced at 4
weeks post-ACLT. A second group of animals was also
maintained as normal, unoperated controls.
ANIMAL SACRIFICE AND MACROSCOPIC GRADING
OF OPERATED KNEE JOINTS
Following sacriﬁce, gross morphological grading (Outer-
bridge)14 was carried out on the articular cartilage. The clas-
siﬁcation is as follows: grade I (intact surface); grade II(minimal ﬁbrillation); grade III (overt ﬁbrillation); and grad
IV (erosion), with loss of cartilage exposing the underlyin
bone.
The average grade of OA in the joints 4 weeks after ACL
was 1.8 0.3 (Fig. 1). Thus, articular cartilage in the ACL
group will be designated as grade II OA. The femoral an
tibial articular cartilage and medial and lateral menis
(n¼ 6 per group) were then immediately harvested fro
the knee joints. The cartilage and menisci (n¼ 6 per grou
from the unoperated controls (grade I joints) were also ha
vested for analysis.
mRNA GENE EXPRESSION BY REVERSE TRANSCRIPTASE
POLYMERASE CHAIN REACTION (RT-PCR)
mRNA expression levels of pro-apoptotic and ECM
degrading genes were determined by semiquantitati
RT-PCR as previously reported13,15.
Articular cartilage and menisci were pulverized in liqu
nitrogen, and total RNA was isolated using the acid-guan
dinium-thiocyanateephenol extraction procedure15. Startin
with 1 mg of total RNA, ﬁrst-strand cDNA was synthesize
using oligo (dT)15 primers.
Based on published sequences (BLAST) PCR prim
sets speciﬁc to selected coding regions of Fas, Fas-L, Ca
pase 8, p53, aggrecanase, MMP-1, MMP-3, and GAPD
were constructed (Table I). Cycle studies were undertake
for all genes to determine the linear range of ampliﬁcatio
for each gene: 34 cycles for all genes except GAPDH (3
cycles). NIH image analysis software (version 1.61, Natio
al Institutes of Health, Bethesda MD) was used to quantit
tively scan RT-PCR proﬁles following agarose g
electrophoresis and ethidium bromide visualization. Th
NIH software measures relative mean density over a ﬁxe
gray scale range after correction for background. All valu
were normalized to GAPDH. Data are expressed as mea
mRNA expression standard deviation (SD) and evaluate
using unpaired Student’s t test. Statistical signiﬁcance w
set at P< 0.05.
Results
mRNA GENE EXPRESSION BY RT-PCR
Articular cartilage
Pro-apoptotic genes. In mature animals, Fas and Caspa
8 demonstrated signiﬁcantly increased expression in OA a
ticular cartilage compared to normal controls: 1.29 0.5
vs 0.3 0.10 and 1.13 0.31 vs 0.20 0.07, respective
(Fig. 2, left). Fas-L and p53 showed no differences
mRNA expression following ACLT-induction of OA.
aged animals, Fas, Fas-L or Caspase 8 showed no differe
ces in expression after induction of OA. However, com
pared to normal controls, p53 showed a signiﬁca
decrease with the onset of early OA, i.e., 0.30 0.14
0.83 0.17 (Fig. 2, right).
ECM-degrading genes. In both mature and aged rabbi
mRNA expression levels of MMP-1, MMP-3 and aggrec
nase were not signiﬁcantly altered in articular cartilage fo
lowing induction of grade II OA. However, MMP-1
expression was higher in aged cartilage following inductio
of OA compared with normal aged cartilage. No differen
in expression of this gene was observed in normal matu
vs mature ACLT cartilage. When comparing normal matu
473Osteoarthritis and Cartilage Vol. 14, No. 5Mature Normal
Aged Normal
Mature ACLT
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Grade I Grade II
Fig. 1. Example of non-OA (grade I) and grade II OA articular cartilage from mature and aged rabbit knee joints.mature cartilage: 2.47 0.46 vs 1.20 0.30 and
2.10 0.39 vs 0.81 0.14, respectively. These results are
illustrated in Fig. 3.
Meniscus
Pro-apoptotic genes. In mature meniscus, induction of
grade II OA did not alter the expression levels of any of
the pro-apoptotic genes. In aged meniscus, however, Cas-
pase 8 demonstrated signiﬁcantly increased expression in
OA compared to normal controls and a trend existed such
Table I
PCR primer sequences (BLAST) used for specific genes
Gene Sequence PCR
product
size (bp)
GAPDH 5#-TCACCATCTTCCAGGAGCGA-3# 293
5#-CACAATGCCGAAGTGGTCGT-3#
Fas 5#-CAAACCAGCAACACCAAATGC-3# 395
5#-CCGCAAGAGCACAAAGATTAGC-3#
Fas-L 5#-GAAATGGGAAGACACATATG-
GAACTGC-3#
274
5#-CATATCTGGCCAGTAGTGCAG-
TAATTC-3#
Caspase 8 5#-ACTGCTTCATCTGCTGTATC-3# 305
5#-CAGGCTCTGGCAAAGTGACT-3#
p53 5#-GACGTTGCAAACTGGCTCAA-3# 301
5#-CGTCATGTGCTGAGACTTCT-3#
MMP-1 5#-TCAGTTCGTCCTCACTCCAG-3# 322
5#-TTGGTCCACCTGTCATCTTC-3#
MMP-3 5#-GCCAAGAGATGCTGTTGATG-3# 330
5#-AGGTCTGTGAAGGCGTTGTA-3#
Aggrecanase 5#-CTGTGCCGTGATTGAAGATG-3# 310
5#-GCTGAGTGGCATCGTAGGTTT-3#that Fas expression appeared increased as well
(P¼ 0.11): 1.24 0.15 vs 0.89 0.05 and 1.86 0.56 vs
0.75 0.16, respectively. When comparing unoperated
aged meniscus to unoperated mature meniscus, no differ-
ences in gene expression were observed (Fig. 4).
ECM-degrading genes. No changes in expression of
MMP-1, MMP-3 or aggrecanase were observed in either
mature or aged menisci following induction of grade II
OA. Neither were age-related changes seen in normal
menisci (Fig. 5).
Discussion
In this study, we have attempted to elucidate the complex
interaction between aging and OA using an animal model.
In this pursuit, we have examined several genes related
to apoptosis and matrix degradation processes which likely
contribute to the characteristic changes seen in aging and
osteoarthritic articular cartilage. We found that Fas and
Caspase 8 are elevated in mature animals after the induc-
tion of OA. In aged animals, however, we saw high levels
of expression for all apoptotic genes examined at baseline
(in unoperated controls) and after ACLT, with the exception
of p53 which showed reduced expression in OA animals.
We further examined expression of matrix-degradative
genes and found increased expression in MMP-1 and
aggrecanase in non-osteoarthritic aged animals when
compared to matured animals. No differences in the ma-
trix-related genes were observed after induction of a grade
II OA. However, MMP-13 expression was higher in the aged
cartilage following induction of OA compared to normal
aged cartilage. Similarly, few differences were noted in
our analysis of mature, aged, operated, and unoperated
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Fig. 2. Relative mRNA expression of pro-apoptotic genes in mature and aged normal and grade II OA articular cartilage: *P< 0.05;
normal vs OA.
Fig. 3. Relative mRNA expression of ECM-degrading genes in mature and aged normal and grade II OA articular cartilage.
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Fig. 4. Relative mRNA expression of pro-apoptotic genes in mature and aged normal and grade II OA meniscus: *P< 0.05; normal vs OA.
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Fig. 5. Relative mRNA expression of ECM-degrading genes in mature and aged normal and grade II OA meniscus.menisci, except Caspase 8, which was signiﬁcantly in-
creased in aged rabbits after induction of OA.
Although interpretation of our results is limited by the
small number of genes examined, we propose that Fas
and Caspase 8 likely play an important role in both the ag-
ing of cartilage and the early development of OA. Both
genes have been previously found to be elevated in osteo-
arthritic cartilage, and both were found to be elevated in
aged but not osteoarthritic animals in a previous study in
this laboratory4,7. Here we add the further information that
by inducing OA in normal, mature animals, expression is
also increased and that high-level expression is maintained
in aged animals both with and without mild OA. A possible
shared mechanism would be activation of FaseFas-L at the
cell surface, triggering a cascade of caspases. The activa-
tion of effector caspases, such as Caspase 8, induces pro-
teolytic changes in the chondrocyte and can cause eventual
DNA fragmentation6.
At least in this early OA model, the role of matrix degrada-
tion appears limited when compared to that of apoptosis. Al-
though MMP-1 and aggrecanase showed increased
expression in non-osteoarthritic aged animals when com-
pared tomature controls, there were no signiﬁcant differences
noted with the induction of a grade II OA. The importance of
apoptosis overmatrix degradation in aging and earlyOA is fur-
ther underscored by the signiﬁcant loss of cellularity found in
both humans and animal models before signiﬁcant ﬁbrillation
or othermatrix loss is found16. Perhaps the increased levels of
ECM-degrading enzymes such as the MMPs and aggreca-
nases create a pro-osteoarthritic milieu in aged subjects
which requires a further trigger to develop frank OA. This trig-
ger could be a loss of chondrocytes, which plays an important
role in generating and maintaining the ECM.
We further examined meniscus as a possible contributor
to the processes of aging and the development of OA in ar-
ticular cartilage. The meniscus acts to both increase joint
congruity and stability and shares load across the knee.
Loss of meniscus, whether by injury or surgical removal,
can lead to the development of OA17e23. Also, with age,
the meniscus desiccates, has diminished repair ability,
and is more susceptible to degenerative tears. We hypoth-
esized that in our model of ACLT, the meniscus would also
suffer injury, inducing alterations in gene expression that
could prove detrimental to cartilage. While gross examina-
tion of the menisci from operated knees at the time of sac-
riﬁce showed thinning and irregularity without frank tears,gene expression of the matrix-degrading genes studied
was unaltered. Of note, however, Fas and Caspase 8 ap-
peared upregulated in aged rabbits after induction of OA rel-
ative to normal meniscus. This may indicate that meniscal
degeneration may contribute to the development of OA
both through mechanical means, as previously identiﬁed,
and by secretion of pro-apoptotic mediators into the synovi-
al ﬂuid resulting in chondrocyte apoptosis.
In conclusion, we have examined the expression of pro-
apoptotic and matrix-degradative genes in a rabbit model
of aging and induced OA. Though this study examines
a complex interaction, Fas and Caspase 8 appear to play
key roles in both processes. Finally, we hope that improved
understanding of the molecular biology of aging and OA
may lead to clinical solutions for a prevalent and debilitating
disease.
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